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Abstract: We conducted an integrated study of cell growth parameters, product formation, and the dynamics of intra-
cellular metabolite concentrations using Escherichia coli with genes knocked out in the glycolytic and oxidative pentose
phosphate pathway (PPP) for glucose catabolism. We investigated the same characteristics in the wild-type strain, using
acetate or pyruvate as the sole carbon source. Dramatic eﬀects on growth parameters and extracellular and intracellular
metabolite concentrations were observed after blocking either glycolytic breakdown of glucose by inactivation of phospho-
glucose isomerase (disruption of pgi gene) or pentose phosphate breakdown of glucose by inactivation of glucose-6-phosphate
dehydrogenase (disruption of zwf gene). Reducing power (NADPH) was mainly produced through PPP when the pgi gene
was knocked out, while NADPH was produced through the tricarboxylic acid (TCA) cycle by isocitrate dehydrogenase or
NADP-linked malic enzyme when the zwf gene was knocked out. As expected, when the pgi gene was knocked out, intracellu-
lar concentrations of PPP metabolites were high and glycolytic and concentrations of TCA cycle pathway metabolites were
low. In the zwf gene knockout, concentrations of PPP metabolites were low and concentrations of intracellular glycolytic
and TCA cycle metabolites were high.
Key words: pulse addition; dynamic response; metabolic engineering; gene knockout; pgi mutant; zwf mutant; metabolite
concentration.
Abbreviations: CER, CO2 evolution rate; DCW, dry cell weight; ED, Entner-Doudoroﬀ; EMP, Embden-Mayerhof-
Paranas; MEZ, malic enzyme; OD, optical density; OUR, oxygen uptake rate; PGI, phosphoglucose isomerase; PPP, pentose
phosphate pathway; TCA, tricarboxylic acid; Yx/s, cell mass yield.
Nomenclature: Enzymes: 6PGDH, 6-phosphogluconate dehydrogenase; Eda, Entner-Douderoﬀ aldolase; Edd, Entner-
Douderoﬀ dehydralase; Eno, enolase; Fba, fructose-1,6-bisphosphate aldolase; G6PDH, glucose-6-phosphate dehydrogenase;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GDH, glutamate dehydrogenase; Hxk, hexokinase; ICDH, isocitrate
dehydrogenase; LDH, lactate dehydrogenase; MDH, malate dehydrogenase; Mk, myokinase; Pck, PEP carboxykinase; Pgi,
phosphoglucose isomerase; Ppc, phosphoenolpyruvate carboxylase; Pta, phosphotransacetylase; PTS, phosphotransferase
system; Pyk, pyruvate kinase; Rpe, ribose-phosphate epimerase; Rpi, ribose-phosphate isomerase; Tkt, transketolase; Tpi,
triosephosphate isomerase; Tal, transaldolase; Metabolites: 2PG, 2-phosphoglycerate; 6PG, 6-phosphogluconate; AcCoA,
acetyl-coenzyme A; ADP, adenosine diphosphate; AKG, α-ketoglutarate; AMP, adenosine monophosphate; ATP, adenosine
triphosphate; DHAP, dihydroxyacetone phosphate; E4P, erythrose-4-phosphate; F6P, fructose-6-phosphate; FBP, fructose-
1,6-bisphosphate; G6P, glucose-6-phosphate; GAP, glyceraldehyde-3-phosphate; ICT, isocitrate; NAD, diphosphopyridind-
inucleotide, oxidized; NADH, diphosphopyridindinucleotide, reduced; NADP, diphosphopyridindinucleotide-phosphate, ox-
idized; NADPH, diphosphopyridindinucleotide-phosphate, reduced; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PYR,
pyruvate; R5P, ribose-5-phosphate; RU5P, ribulose-5-phosphate; SUC, succinate.
Introduction
The cell is sensitive to ﬂuctuations in environmen-
tal conditions and responds by modulating its cen-
tral metabolic pathways. By providing energy, building
blocks, and cofactors, the central carbon metabolism is
the biochemical backbone of the cell. Escherichia coli
is the most commonly used microorganism for the pro-
duction of commercial chemical products, due to the
wealth of detailed information on its biochemical and
genetic characteristics (Rizzi et al. 1997; Sauer et al.
1999; Canonaco et al. 2001; Gang-Guk et al. 2008).
With the development of a metabolic engineering ap-
proach, speciﬁc genes in the central metabolic path-
c©2011 Institute of Molecular Biology, Slovak Academy of SciencesBrought to you by | Queensland University of TechnologyAuthenticated
Download Date | 9/26/17 6:20 AM
Comparison of dynamic responses of cellular metabolites 955
Fig. 1. The central metabolic pathways of Escherichia coli. The arrows indicate the directionality of physiological reactions and key
enzymes are indicated by their three-letter code in the oval.
ways can be deleted and/or overexpressed, so that the
metabolic network can channel more carbon ﬂuxes to-
ward production of the desired chemical(s) (Park et al.
1995; Berry 1996; Stephanopoulos et al. 1998; Ping et
al. 1999; Lim et al. 2002; Siddiquee et al. 2004; Zhao
et al. 2004a,b; Ishii et al. 2007). Metabolic engineer-
ing has been used for directed improvement of product
development and cellular properties via modiﬁcation or
introduction of speciﬁc biochemical reactions by genetic
manipulation of existing strains (Lowenstein 1969; Bai-
ley 1991; Rizzi et al. 1997; Matsudo et al. 2009). In vivo
enzyme kinetics are of particular interest because car-
bon ﬂuxes in metabolic responses depend on diﬀerent
factors, including intracellular concentrations of sub-
strates and products of the reaction, other intracellular
metabolites and cofactors, and cultivation conditions
such as dissolved oxygen, pH, and temperature (Senior
1975; Westerhoﬀ 2001). Enzyme kinetic data should be
measured in the living cell after considering the inﬂu-
ences of matrix eﬀects of all metabolic intermediates
and eﬀectors. A powerful method of collecting quan-
titative in vivo information is rapid sampling technol-
ogy (De Koning & Van Dam 1992; Weuster-Botz & de
Graﬀ 1996; Theobald et al. 1997; Sauer et al. 1999;
Schaefer et al. 1999; Tao et al; 1999; Buchholz et al.
2001, 2002; Emmerling et al. 2002; Hoque et al. 2005).
The metabolic responses to pulse addition of substrate
during the corresponding substrate limitation can be
documented by rapid sampling followed by quenching,
extraction, and measurement of intracellular metabo-
lite concentrations. An advantage of rapid sampling is
that a transient state can be analyzed (Hurlebaus et al.
2002; Hoque et al. 2004, 2005).
In E. coli, the glycolytic pathway is the main route
of glucose catabolism (Fig. 1). Since phosphoglucose
isomerase is located at the ﬁrst junction at diﬀerent
pathways for glucose catabolism, its inactivation is par-
ticularly useful and interesting in studying the regula-
tion of the metabolic network and dynamic behaviour
after glucose pulse addition during chemostat culture;
glucose catabolism then proceeds through the pentose
phosphate pathway (PPP) and/or Entner-Doudoroﬀ
(ED) pathway. In contrast, glucose-6-phosphate dehy-
drogenase (G6PDH) is the ﬁrst enzyme of the PPP. It
plays an important role in the production of reducing
power (NADPH), and its inactivation provides an inter-
esting perspective from which to view dynamic changes
in intracellular metabolite concentrations after glucose
pulse addition. Most research has mainly focused on in
vivo dynamics using wild-type E. coli or yeast grown on
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glucose; however, relatively little research has been un-
dertaken using the mutants grown on glucose or other
carbon sources. We previously investigated the dynam-
ics of intracellular metabolite concentrations for wild-
type E. coli and its pykA mutant against pulse addition
of glucose or NH3 in limited conditions (Hoque et al.
2005).
In the present study, we investigated metabolic re-
sponses to pulse addition of acetate and pyruvate under
limited conditions in wild-type E. coli. In addition, we
examined the eﬀects of pgi and zwf gene knockouts on
transient metabolism against pulse addition of glucose
in glucose-limited continuous cultures conditions.
Material and methods
E. coli strains
Escherichia coli BW25113 was used as the wild-type strain.
The pgi gene knockout mutant JWK3985 and zwf gene
knockout mutant JWK1841 were obtained from E. coli
derivative BW25113 by a one-step inactivation protocol us-
ing PCR primers and the method of Datsenko & Wanner
(2000).
Media and culture condition
All batch and chemostat cultivations were performed with
minimal medium as described previously (Hoque et al.
2005), with the following concentrations of carbon sources:
4 g/L for both batch and chemostat cultivations. Batch and
chemostat cultures were maintained at 37◦C in a 2-L biore-
actor (BMJ-02PI; ABLE Co., Tokyo, Japan) with a working
volume of 1 L. The culture medium was continuously fed to
the bioreactor at a dilution rate of 0.1 ± 0.005 h−1, and the
working volume was kept constant by withdrawing culture
broth through a continuously operating pump. The pH of
the culture was maintained at 7.0 by adding 2.0 M NaOH or
2.0 M HCl. An agitation speed of 500 rpm with 1.0 L/min
of air ﬂow ensured a DO concentration higher than 30% of
air saturation (Goel et al 1993; Sauer et al. 1999; Dauner et
al. 2001; Hua et al. 2003; Yang et al. 2003; Sarker 2008).
Analytic procedures
Measurement of biomass and extracellular metabolite con-
centrations. Cell concentration was measured by optical
density (OD) of the batch and continuous cultures at 600
nm (OD600) using a spectrophotometer (Ubet-30, Jasco
Co., Tokyo, Japan), and then converted to dry cell weight
(DCW) per liter based on the relationship between OD
and DCW, as previously obtained. DCW was determined
by collecting the cell pellets from 100 to 200 mL of the
culture broth, washing them with distilled water, and dry-
ing them at 110◦C until a constant weight was obtained.
Glucose concentration was measured using commercial kits
(Wako, Japan). Acetate, pyruvate, lactate, and other extra-
cellular metabolites were also assayed using enzymatic test
kits (Roche Molecular Biochemicals, Mannheim, Germany).
Oxygen and carbon dioxide concentrations in the bioreac-
tor oﬀ-gas were measured by an oﬀ-gas analyzer (DEX-2562,
ABLE Co., Tokyo, Japan) and then converted to O2 uptake
rate (OUR) and CO2 evolution rate (CER).
Sampling, quenching, preparation of crude cell extract
and measurement of intracellular metabolite concentra-
tions were done according to Lowenstein (1969), Bergmeyer
(1984a,b), Buchholz et al. (2001) and Hoque et al. (2005).
We developed a new rapid sampling device (Hoque et al.
2005) that enabled us to collect a sample per second. The
device has a connecting tube that connects the sample ex-
tract pump with the bioreactor. The length of the tube
depends on the distance between the bioreactor and the
device; shorter is better. A control unit manages sam-
pling time and sampling interval. After the substrate pulse,
the ﬁrst ﬁve samples were taken rapidly, i.e., every 1 s,
and the next ﬁve samples were taken every 1 min, using
the above device. Then, other samples were taken at 30
min, 1 h, and 2 h manually thereafter. The sample vol-
ume was approximately 5 mL. The samples were rapidly
quenched in 15 mL of 60% (v/v) aqueous methanol con-
taining 70 mM 2-[4-(2-hydroxyethyl)-1piperazinyl] ethane-
sulphuric acid (HEPES), which was maintained at −80◦C
until use. Four independent experiments were conducted for
each case, and at least 3 measurements were performed for
each metabolite concentration in each experiment. The over-
all average was used in the analysis.
Results
Batch culture and growth characteristics
Batch cultures were used to investigate the character-
istics of cell growth, substrate consumption, product
formation, CO2 evolution and O2 uptake under diﬀer-
ent culture conditions. The fermentation proﬁles for
the batch cultures are shown in Figure 2. The left
panel of Figure 2 shows the results of batch cultiva-
tions of E. coli BW25113, using acetate (left panel,
A) and pyruvate (left panel, B) as the sole carbon
source, whereas the central panel shows the results
of batch cultivations using zwf (central panel, A) and
pgi (central panel, B) mutants, both with glucose as
the sole carbon source. The results showed that the
growth rate of wild-type E. coli BW25113 was very
slow when acetate or pyruvate was used as the sole
carbon source, as compared with glucose. The results
also showed that the pgi mutant grew signiﬁcantly more
slowly and consumed less glucose as compared with
the zwf mutant, which exhibited growth characteristics
that were similar to those of the wild-type (Fig. 2, left
panel).
The consumption rate of acetate and pyruvate
was also very slow in the wild-type strain. The sub-
strate consumption rates of the pgi mutant under
glucose-limited conditions and the wild-type strain un-
der pyruvate culture were almost identical. Among the
four batch cultivations, acetate consumption rate and
growth rate were lowest for the wild-type strain when
acetate was used as the carbon source.
When acetate or pyruvate was used as the carbon
source, the cell mass yield of the wild-type strain was
signiﬁcantly lower than those of the zwf and pgi mu-
tants in glucose-limited cultures (Fig. 2, right panel).
The substrate proﬁles and by-product concentrations
indicated that the corresponding metabolic production
rates had changed due to the gene knockouts and vari-
ation in carbon sources. It is interesting to note that
the eﬀect of gene knockout and sole carbon source on
the rates of substrate uptake and by-product formation
diﬀered among cultures. When pyruvate was used as
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Fig. 2 (i) Dry cell weight (DCW) and extracellular metabolite concentrations in aerobic batch cultures: (A) wild-type with acetate as
the sole carbon source; (B) wild-type with pyruvate as the sole carbon source. ( ) DCW, () glucose, (◦) pyruvate, () acetate, ()
lactate, ( ) formate, (•) succinate, and () ethanol. (ii) Dry cell weight (DCW) and extracellular metabolite concentrations in aerobic
batch cultures: (A) zwf mutant with glucose as the sole carbon source, (B) pgi mutant with glucose as the sole carbon source. (iii)
Comparison of (A-B) dry cell weight (DCW; g/L): ( ) wild-type with glucose as the sole carbon source; (•) zwf mutant with glucose
as the sole carbon source; () pgi mutant with glucose as the sole carbon source; (◦) wild type with acetate as the sole carbon source;
and (∆) wild-type with pyruvate as the sole carbon source.
the sole carbon source for the wild-type strain, signiﬁ-
cant amounts of lactate, formate, and ethanol were pro-
duced. Some lactate was also produced in the pgi mu-
tant when glucose was consumed. In contrast, ethanol
was formed in the zwf mutant (when glucose was con-
sumed) and in the wild-type strain (when acetate was
consumed).
The right panel of Figure 2 shows DCW during
batch cultivation of mutant and wild-type strains with
diﬀerent carbon sources. DCW was higher in the zwf
mutant than in the other 3 culture conditions. CER
and OUR were also higher in the case of zwf mutant.
These higher values were maintained for 5–9 h in batch
cultivation.
In the pgi mutant, when pyruvate was used as the
carbon source, the values for DCW, CER, and OUR
were second highest and were maintained for 15–20
h, a period similar to that of the wild-type. In the
wild-type strain, the highest values for DCW, CER,
and OUR were obtained only when acetate was used
as the sole carbon source during 18–22 h of cultiva-
tion. In the pgi gene knockout, consumption of glu-
cose as the sole carbon source led to increased biomass
yield and decreased CO2 production. As shown in Fig-
ure 2 (right panel, B), cell growth was signiﬁcantly re-
duced in wild-type E. coli when acetate or pyruvate
was used as the sole carbon source other than glu-
cose.
Chemostat cultures and growth characteristics
When cells were cultivated in continuous mode at a
dilution rate of 0.10 h−1, the steady-state growth rate
was attained after six to eight volume changes (Burgard
& Maranas 2001; Hoque et al. 2004; Hua et al. 2004). To
observe carbon balance during cellular growth, several
yields and the intracellular metabolite concentrations
were calculated.
During continuous culture of the zwf mutant under
glucose-limited conditions, several by-products such as
acetate, succinate, formate, and ethanol were produced,
whereas the pgi mutant had a lower production of by-
products including lactate and succinate. The cell mass
yield in the pgi mutant was a little higher than that
of the zwf mutant and wild-type strains (0.48 ± 0.04,
0.46 ± 0.03, 0.45 ± 0.03 g g−1, respectively), although
the CER in the zwf mutant (4.3 ± 0.3 mmol g−1 h−1)
was higher than that in the pgi mutant (3.8 ± 0.4
mmol g−1 h−1). In contrast, during continuous cultiva-
tion with pyruvate as the sole carbon source, a signiﬁ-
cant amount of lactate (143.23 ± 7.49 mg/L), succinate
(17.9 ± 1.81 mg/L), and formate (61.34 ± 6.47 mg/L)
were produced by the wild-type strain (Table 1). The
cell mass yield (0.23 ± 0.02 g g−1) and CER (2.2 ± 0.2
mmol g−1 h−1) in the wild-type strain grown with pyru-
vate were higher as compared with the wild-type strain
grown on acetate (cell mass yield: 0.21 ± 0.03 g g−1
and CER: 2.1 ± 0.2 mmol g−1 h−1).
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Table 1. Extracellular metabolite concentrations (mg/L) in chemostat cultures of wild-type, zwf and pgi mutants of E. coli by carbon
source.
Strains Wild-type strain zwf pgi
Carbon source Glucose Acetate Pyruvate Glucose Glucose
Glucose 11.25 ± 0.54 0.0 ± 0 0.0 ± 0 30.33 ± 2.21 18.0 ± 1.35
Acetate 76.56 ± 3.25 543.0 ± 17.63 332.4 ± 14.54 137.0 ± 6.13 18.0 ± 1.35
Pyruvate 1.08 ± 0.33 2.18 ± 0.29 7.43 ± 0.36 3.06 ± 0.44 21.3 ± 1.16
Formate 63.5 ± 1.78 7.46 ± 1.18 61.34 ± 6.47 169.6 ± 7.23 1.75 ± 0.33
Lactate 3.40 ± 0.23 3.73 ± 0.83 143.23 ± 7.49 4.20 ± 0.53 7.41 ± 0.56
Succinate 17.80 ± 0.90 6.26 ± 1.39 17.9 ± 1.81 58.12 ± 2.54 16.26 ± 0.36
Ethanol 20.55 ± 1.45 5.12 ± 0.67 41.38 ± 3.20 68.99 ± 3.49 2.32 ± 0.21
Table 2. Experimental growth parameters in glucose-limited
chemostat cultures of wild-type, zwf and pgi E. coli strains.
Strains Yx/s qO2 qCO2
(g g−1) (mmol g−1 h−1) (mmol g−1 h−1)
Wild-type 0.45 ± 0.03 4.3 ± 0.6 4.4 ± 0.4
zwf 0.46 ± 0.03 3.9 ± 0.5 4.3 ± 0.3
pgi 0.48 ± 0.04 4.1 ± 0.6 3.8 ± 0.4
Table 3. Experimental growth parameters in glucose-, acetate-
and pyruvate-limited chemostat cultures of wild-type E. coli (BW
25113).
Chemostat Yx/s qO2 qCO2
conditions (g g−1) (mmol g−1 h−1)(mmol g−1 h−1)
Glucose-limited 0.45 ± 0.03 4.3 ± 0.6 4.4 ± 0.4
Acetate-limited 0.21 ± 0.03 2.8 ± 0.2 2.1 ± 0.2
Pyruvate-limited 0.23 ± 0.02 3.1 ± 0.4 2.2 ± 0.2
The results obtained above showed that, in both
wild-type and mutant strains grown on glucose, the
values for cell mass yield and CER were signiﬁcantly
higher as compared with wild-type stains grown on ac-
etate or pyruvate (Tables 2 and 3).
The concentrations of glycolytic pathway metabo-
lites (G6P, F6P, 2PG, PEP, and DHAP) were higher
in the zwf mutant (2.89 ± 0.17, 0.93±0.09, 1.59 ± 0.18,
2.31 ± 0.13, and 0.463± 0.31 mM, respectively) than in
the pgi mutant (2.28 ± 0.22, 0.036 ± 0.008, 0.15±0.05,
0.85 ± 0.14, and 0.043 ± 0.014 mM, respectively) and
wild-type E. coli strains (1.32 ± 0.18, 0.42 ± 0.07,
1.26 ± 0.28, 1.04 ± 0.21, and 0.231 ± 0.11 mM, re-
spectively) grown on glucose, acetate, or pyruvate. Fur-
thermore, the concentrations of PPP metabolites (6PG,
RU5P, R5P, and E4P) were signiﬁcantly higher in the
pgi mutant (1.53 ± 0.16, 0.328 ± 0.025, 0.386 ± 0.059,
and 0.248 ± 0.055 mM, respectively) as compared
with the zwf mutant (0.002 ± 0.001, 0.003 ± 0.001,
0.011 ± 0.002, and 0.016 ± 0.005 mM, respectively)
and wild-type (0.96 ± 0.10, 0.088 ± 0.01, 0.243 ± 0.07,
and 0.112 ± 0.08 mM, respectively) strains under the
same culture conditions. Concentrations of GAP and
PYR were higher in the pgi mutant (0.92 ± 0.15 and
2.08 ± 0.24 mM, respectively) than in the zwf mutant
(0.84 ± 0.11 and 1.99 ± 0.21 mM, respectively). In ad-
dition, the concentration of tricarboxylic acid (TCA)
cycle metabolites in the zwf mutant were higher than
those in the pgi mutant grown on glucose and the
wild-type strain grown on pyruvate, while the concen-
trations of AcCoA, ICT, and MAL in the wild-type
strain grown on acetate (0.535 ± 0.057, 0.461 ± 0.034,
and 0.311 ± 0.026 mM, respectively) were somewhat
higher than those in the zwf mutant grown on glu-
cose (0.463 ± 0.048, 0.382 ± 0.031, and 0.311 ± 0.025
mM, respectively), but markedly higher than those in
the pgi mutant (0.104 ± 0.013, 0.067 ± 0.007, and
0.147 ± 0.024 mM, respectively) and the wild-type
strain grown on pyruvate (0.128 ± 0.011, 0.177 ± 0.018,
and 0.272± 0.022 mM, respectively). It should be noted
that the concentrations of most glycolytic metabolites
in the pgi mutant grown on glucose and the wild-type
strain grown on acetate or pyruvate were signiﬁcantly
lower as compared with TCA cycle metabolite concen-
trations, with some exceptions. ATP concentration was
higher in the zwfmutant (3.06 ± 0.17 mM) as compared
with the pgi mutant (1.87 ± 0.16 mM) while NADPH
and NADH concentrations were higher in the pgi mu-
tant (0.186 ± 0.018 and 0.263 ± 0.027 mM, respec-
tively) as compared with the zwf mutant (0.045 ± 0.008
and 0.094 ± 0.026 mM, respectively; Tables 4 and 5).
NADPH concentration decreased from 0.095 mM
in the wild-type strain to 0.045 mM in the zwf mutant,
although it was signiﬁcantly higher in the pgi mutant,
at 0.186 mM.
In the wild-type strain, the concentrations of
NADPH, NADH, and ATP were signiﬁcantly higher
when grown on acetate (0.127 ± 0.014, 0.343±0.022,
and 3.89 ± 0.32 mM, respectively) than when grown on
pyruvate (0.066 ± 0.01, 0.174 ± 0.021, and 2.86 ± 0.23
mM, respectively), while ADP and AMP concentrations
were lower in strains grown on acetate (0.78 ± 0.11 and
0.65 ± 0.08 mM, respectively) as compared with those
grown on pyruvate (1.03 ± 0.16 and 0.95 ± 0.13 mM,
respectively). In the wild-type strain grown on glucose,
the NADPH concentration was 0.095 mM; the concen-
tration was higher (0.127 mM) on acetate and much
lower (0.066 mM) when pyruvate was used as a carbon
source.
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Table 4. Intracellular metabolite concentrations (mM) in contin-
uous chemostat culture of wild-type, zwf and pgi gene knockout
E. coli with glucose as the sole carbon source under steady-state
conditions with a dilution rate of 0.1 ± 0.005 h−1.
Strains
Metabolites
Wild-type zwf pgi
Glc 0.057 ± 0.011 0.057 ± 0.016 0.096 ± 0.013
G6P 1.32 ± 0.18 2.89 ± 0.17 2.28 ± 0.22
F6P 0.42 ± 0.07 0.93 ± 0.09 0.036 ± 0.008
DHAP 0.231 ± 0.11 0.463 ± 0.31 0.043 ± 0.014
2PG 1.26 ± 0.28 1.59 ± 0.18 0.15 ± 0.05
GAP 0.43 ± 0.12 0.84 ± 0.11 0.92 ± 0.15
PEP 1.04 ± 0.21 2.31 ± 0.13 0.85 ± 0.14
PYR 1.71 ± 0.26 1.99 ± 0.21 2.08 ± 0.24
6PG 0.96 ± 0.10 0.002 ± 0.001 1.53 ± 0.16
RU5P 0.088 ± 0.01 0.003 ± 0.001 0.328 ± 0.025
R5P 0.243 ± 0.07 0.011 ± 0.002 0.386 ± 0.059
E4P 0.112 ± 0.08 0.016 ± 0.005 0.248 ± 0.055
AcCoA 0.145 ± 0.06 0.463 ± 0.048 0.104 ± 0.013
ICT 0.21 ± 0.02 0.382 ± 0.031 0.067 ± 0.007
AKG 0.134 ± 0.02 0.263 ± 0.026 0.075 ± 0.016
OAA 0.241 ± 0.09 0.371 ± 0.034 0.136 ± 0.023
MAL 0.136 ± 0.07 0.311 ± 0.025 0.147 ± 0.024
Ace 0.36 ± 0.05 0.43 ± 0.04 0.15 ± 0.03
NADPH 0.095 ± 0.008 0.045 ± 0.008 0.186 ± 0.018
NADH 0.135 ± 0.02 0.094 ± 0.026 0.263 ± 0.027
ATP 3.53 ± 0.31 3.06 ± 0.17 1.87 ± 0.16
ADP 0.33 ± 0.07 1.28 ± 0.12 0.21 ± 0.04
AMP 0.62 ± 0.09 0.77 ± 0.08 0.46 ± 0.08
Table 5. Intracellular metabolite concentrations (mM) in contin-
uous chemostat culture of wild-type E. coli with diﬀerent car-
bon sources under steady-state conditions with a dilution rate of
0.1 ± 0.005 h−1.
Metabolites Glucose Acetate Pyruvate
Glc 0.057 ± 0.011 – –
G6P 1.32 ± 0.18 0.023 ± 0.004 0.035 ± 0.006
F6P 0.42 ± 0.07 0.046 ± 0.007 0.058 ± 0.009
DHAP 0.231 ± 0.11 0.075 ± 0.013 0.077 ± 0.015
2PG 1.26 ± 0.28 0.096 ± 0.011 0.107 ± 0.026
GAP 0.43 ± 0.12 0.068 ± 0.012 0.085 ± 0.018
PEP 1.04 ± 0.21 0.756 ± 0.028 0.432 ± 0.032
PYR 1.71 ± 0.26 0.338 ± 0.022 0.456 ± 0.028
6PG 0.96 ± 0.10 0.018 ± 0.002 0.021 ± 0.004
RU5P 0.088 ± 0.01 0.023 ± 0.003 0.027 ± 0.005
R5P 0.243 ± 0.07 0.031 ± 0.04 0.042 ± 0.007
E4P 0.112 ± 0.08 0.054 ± 0.012 0.063 ± 0.014
AcCoA 0.145 ± 0.06 0.535 ± 0.057 0.128 ± 0.011
ICT 0.21 ± 0.02 0.461 ± 0.034 0.177 ± 0.018
AKG 0.134 ± 0.02 0.205 ± 0.028 0.189 ± 0.023
OAA 0.241 ± 0.09 0.351 ± 0.036 0.268 ± 0.026
MAL 0.136 ± 0.07 0.311 ± 0.026 0.272 ± 0.022
Ace 0.36 ± 0.05 0.461 ± 0.034 0.325 ± 0.024
NADPH 0.095 ± 0.008 0.127 ± 0.014 0.066 ± 0.01
NADH 0.135 ± 0.02 0.343 ± 0.022 0.174 ± 0.021
ATP 3.53 ± 0.31 3.89 ± 0.32 2.86 ± 0.23
ADP 0.33 ± 0.07 0.78 ± 0.11 1.03 ± 0.16
AMP 0.62 ± 0.09 0.65 ± 0.08 0.95 ± 0.13
Dynamics of intracellular metabolite concentrations in
wild-type, zwf and pgi mutant strains grown on glucose
Figures 3–10 show the concentrations of intracellular
metabolites with regard to pulse addition of glucose
in wild-type, zwf and pgi mutants, with acetate and
pyruvate as carbon sources for the wild-type strain.
After pulse addition of glucose, intracellular con-
centrations of PEP, PYR, ATP, ICT, and AKG de-
creased, while G6P, F6P, GAP, AcCoA, MAL, OAA,
ADP, and NADH increased in the zwf mutant. We
also found that G6P, 6PG, PYR, E4P, and NADH in-
creased, while PEP, RU5P, R5P, and ATP decreased
in the pgi mutant. Figure 3 shows that, after glucose
pulse addition in the zwf mutant, the concentration of
intracellular G6P increased very sharply within couple
of seconds followed by increases in F6P and GAP. G6P
concentration also rapidly increased after glucose pulse
addition in the pgi mutant. In the wild-type strain, the
increase in G6P concentration was very rapid (within
2–3 s) after glucose pulse addition and was followed
by a slow decrease. Intracellular PEP concentration de-
creased very rapidly within 3 s of glucose pulse injection
in the zwf mutant, while PEP concentration gradually
decreased in the pgi mutant. Intracellular PYR concen-
tration increased initially and then gradually decreased
in the pgimutant after glucose pulse addition. As shown
in Figure 3, most metabolites had returned to concen-
trations close to baseline levels at 2 h after glucose pulse
addition.
Figure 5 illustrates intracellular concentrations of
6PG, Ru5P, R5P, and E4P, which did not change signif-
icantly in the zwf mutant after glucose injection, while
PPP metabolites signiﬁcantly and rapidly changed in
the pgi mutant after glucose pulse addition. Intracellu-
lar 6PG and E4P concentrations sharply increased in
the pgi mutant, whereas RU5P and R5P decreased af-
ter glucose injection in the pgi mutant. Figure 7 shows
that intracellular concentrations of AcCoA and OAA
increased rapidly in the zwf mutant, while intracellular
ICT and AKG concentrations decreased after glucose
injection. The metabolite concentrations of TCA cycle
metabolites did not signiﬁcantly change in the pgi mu-
tant after glucose addition. Figure 9 shows that intracel-
lular ATP concentration decreased very rapidly (within
3 s) in the zwf mutant after glucose injection, while
ADP concentration increased. NADH and NADPH con-
centrations increased slowly after glucose addition in
the zwf mutant, while their concentrations increased
rapidly in the pgi mutant. ATP concentration also de-
creased in the pgi mutant, but the rate of decrease was
slower than that of the zwf mutant.
Dynamics of the intracellular metabolite concentrations
in the wild-type strain grown on acetate and pyruvate
After pulse addition of acetate, intracellular concentra-
tions of AcCoA, AKG, MAL, OAA, 6PG, E4P, and
NADPH increased, while F6P, GAP, RU5P, and ATP
decreased in the wild-type strain. In wild-type strain
grown on pyruvate, intracellular concentrations of G6P,
F6P, GAP, PEP, 6PG, RU5P, R5P, and ADP increased
after pulse addition of pyruvate, while intracellular con-
centrations E4P, ICT, MAL, and ATP decreased. Fig-
ure 4 exhibits the relatively slow increase of G6P, as
compared with F6P, GAP, and PEP after pyruvate ad-
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Fig. 3. Comparison of dynamic changes in concentration of EMP pathway metabolites after glucose pulse addition to chemostat culture
under steady-state conditions: ( ) wild-type; (•) zwf mutant; () pgi mutant.
dition. As shown in Figure 3, the intracellular concen-
tration of PEP rapidly increased within 4 s of pyru-
vate pulse addition, followed by increases in GAP and
F6P. When grown on acetate, F6P and GAP concen-
trations rapidly decreased after acetate pulse addition,
while G6P and PEP increased to a lesser extent.
Intracellular 6PG and R5P concentrations in-
creased soon after acetate and pyruvate pulse addition
in the wild-type strain (Fig. 6). In addition, RU5P con-
centration increased signiﬁcantly after pyruvate pulse
addition and decreased after acetate pulse addition,
while E4P concentration exhibited the reverse trend.
Intracellular concentrations of AcCoA, ICT, MAL,
and OAA sharply increased after acetate pulse ad-
dition, while intracellular concentrations of AcCoA,
AKG, and OAA increased (Fig. 8). ICT and MAL
concentrations decreased slightly after pyruvate pulse
addition in the wild-type strain. Figure 9 demon-
strates that ATP concentration decreased after pulse
addition of acetate and pyruvate, while intracellular
NADPH concentration increased signiﬁcantly after ac-
etate addition and slightly decreased after pyruvate ad-
dition.
Figure 10 shows that the intracellular ADP concen-
tration sharply increased after pyruvate addition and
slightly decreased after acetate addition. NADH con-
centration changed very slightly after acetate and pyru-
vate added in the wild-type E. coli.
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Fig. 4. Comparison of dynamic changes in concentrations of EMP pathway metabolites in the wild-type strain after substrate pulse
addition to chemostat culture under steady-state conditions: ( ) glucose culture; (◦) acetate culture; () pyruvate culture.
Discussion
The present study showed that inactivation of phos-
phoglucose isomerase (PGI) in E. coli led to excess
production of the reducing power (NADPH) via the
PPP by G6PDH and 6PGDH. In contrast, inactiva-
tion of G6PDH revealed that NADPH can be pro-
duced through the TCA cycle by ICDH, which indi-
cates that PGI and G6PDH are key enzymes in bal-
ancing the reducing power in E. coli. We elucidated
the eﬀects of the pgi and zwf gene knockouts in E.
coli on growth parameters, intracellular metabolite con-
centrations, and their dynamics with respect to in-
tracellular metabolite concentrations after pulse addi-
tion of glucose during steady-state of chemostat cul-
ture.
Under glucose catabolism, the cell mass yield indi-
cated that neither zwf nor pgi is essential under the
tested or optimal culture conditions. These observa-
tions were also supported by other studies (Larson
et al. 1993; Rerenci 1999; Burgard & Maranas 2001;
Canonaco et al. 2001; Zhao et al. 2004a,b). The pgi mu-
tant grew signiﬁcantly more slowly and consumed less
glucose (Fig. 2 central panel A-B). These observations
highlight the kinetic limitations of glucose catabolism
and are supported by the low excretion of acetate.
When glucose was used as the sole carbon source,
we noted extremely high activity in the oxidative PPP
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Fig. 5. Comparison of dynamic changes in PPP metabolite concentrations after glucose pulse addition to chemostat culture under
steady-state conditions.
Fig. 6. Comparison of dynamic changes in PPP metabolite concentrations in the wild-type strain after substrate pulse addition to
chemostat culture under steady-state conditions.
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Fig. 7. Comparison of dynamic changes in concentrations of TCA cycle pathway metabolites after glucose addition to chemostat
culture under steady-state conditions.
Fig. 8. Comparison of dynamic changes in concentrations of TCA cycle pathway metabolites in the parent strain of E. coli after pulse
addition to chemostat culture under steady-state conditions.
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Fig. 9. Comparison of dynamic changes in cometabolite concentrations after glucose addition to chemostat culture under steady-state
conditions.
Fig. 10. Comparison of dynamic changes in cometabolite concentrations in the wild-type strain after acetate or pyruvate pulse addition
to chemostat culture under steady-state conditions.
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because knockout of the pgi gene has a profound in-
ﬂuence on the growth rate and glucose consumption,
which suggests the importance of this branch in cen-
tral metabolism. To further examine the eﬀect of the
oxidative PPP, we disrupted this branch by zwf gene
knockout and investigated growth, metabolic charac-
teristics, dynamic behaviour of the mutant in minimal
medium with glucose as the sole carbon source. In E.
coli, the major NADPH generation is via the oxidative
PPP. ICDH is the second most important route in pro-
ducing NADPH (Choi et al. 2003).
Although a shortage of NADPH due to disruption
of the oxidative PPP can be partially compensated for
by increased ﬂux through ICDH, it is clear that ﬂux via
ICDH alone cannot compensate for an apparent short-
age of NADPH under certain circumstances. To address
this shortage, malate is diverted from the TCA cycle
through malic enzyme (MEZ) to function as the route
by which an adequate amount of NADPH is generated
for biosynthesis. Thus, there is a negative correlation
between MEZ and ICDH in the production of NADPH.
When the zwf mutant was grown on glucose, ICDH pro-
duced more NADPH and MEZ was less active. The re-
moval of carbon skeletons from the TCA cycle through
MEZ enabled the cells to respond to TCA carbon deple-
tion by regulating carbon ﬂux through PPC and PCK.
This regulation was in response to the depletion of OAA
in the TCA cycle, which resulted from increased car-
bon ﬂux via MEZ (Fig. 1). To increase net synthesis
of OAA from PEP, ppc was therefore up-regulated and
pck down-regulated in the zwf mutant.
Intracellular FEP and PYR concentrations were
comparatively high in both mutants under glucose
catabolism, and intracellular concentrations of PEP
and PYR were also high for the wild-type strain when
acetate was used as the sole carbon source. This may
be due to activation of ppc, pck, and mez to meet the
shortage of NADPH.
When acetate or pyruvate was used as the sole
carbon and energy source in the wild-type strain,
metabolism changed signiﬁcantly. The concentrations
of glycolytic and PPP metabolites decreased signiﬁ-
cantly, while TCA cycle metabolites slightly increased,
as compared with those of glucose catabolism. In both
cases, the cell growth rate was very low and both cell-
mass yield and CER decreased. When acetate was used,
the glyoxylate pathway was activated. The intracellu-
lar concentration of ATP during the steady state in-
creased under acetate catabolism, since with the loss of
two molecules of CO2 the TCA cycle activity is greater,
in order to supply the reducing power (NADPH) and
ATP for biosynthesis. This is the main reason for the
reduction in CER.
The CER for batch and continuous cultures was
lower in both mutants as compared with the wild type.
This may be due to the fact that the mutant directed a
lower carbon ﬂux through the TCA cycle and therefore
produced CO2 at a lower rate as compared with the
parent strain, since the network must conserve extra
carbon for biosynthesis through the reduction of CO2
production in order to maintain the growth rate in the
parent strain.
The objective of this study was to elucidate the
in vivo dynamics of intracellular metabolite concentra-
tions in response to pulse addition of substrate in mu-
tant and the wild-type strains under substrate-limiting
conditions. During the steady state before glucose pulse
addition, PEP concentration was high, which alloster-
ically inhibited Pfk activity in the pykA mutant. Af-
ter glucose addition, the glucose consumption rate in-
creased but Pfk activity remained low for 1–2 s, while
PEP concentration remained high. This inhibition of
Pfk increased G6P and F6P concentrations in the zwf
mutant grown on glucose. After PEP concentration
decreased, Pfk activity and glycolytic ﬂux increased,
which lowered G6P and F6P concentrations after about
2 s. The glucose pulse addition caused a rapid decline
in the concentration of PEP, which is used in the con-
version of glucose to G6P via the phosphotransferase
system (PTS) (Piorreck et al. 1984; Vaseghi et al. 1999).
Genetic alteration of metabolic pathways often
causes undesirable changes, such as reduced growth,
decreased glycolytic ﬂux, and creation of futile cy-
cles, which can limit its utility in industrial produc-
tion (Hogler 1996). However, the present study demon-
strated that E. coli grown on glucose after zwf or pgi
gene knockout might be a good candidate for industrial
use. Using pyruvate as the sole carbon source for the
wild-type strain might prove advantageous due to its
ample industrial production.
It is important to mention, however, that further
detailed experiments might be required to fully under-
stand the ﬁndings of the present study.
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